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PASSIVE-SOLAR DESIGN CALCULATIONS WITH THE DOE-2 COMPUTER PROGRAM
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J. F. Moore
N. M. Sehnurr
B. D. Hunn

Los Aiamos Seientific Laboratory
Los Alamos, NM 67545

ABSTRACT

The DOE-2 computer program has been modified to
improve modeling of passive-solar buildings by the
addition of the custom weighting-fuctor method.
This paper describes the thermal-load and air-
temperature calculation procedure in DOE-2.
Assumptions inhcrent in the use of American
Society of Heating, Refrigerating. and Air-Condi-
tioning Engineers (ASHRAE) precalculated and the
custom weighting factors are discussed. Cal-
culated resulls from DOE-2 are compared with
measured heat-extraction rates and air temper-
atures for four buildings. These eomparisons
indicate that DOE-2 can accurately model direct-
gain passive buildings and can treat night-ventila-
tive cuoling and water walls in an approximate
manner,

L INTRODUCTION

The DOE-2 computer program (1) is used to
perform  building enorgy  analysis  caleulations,
primarily for commercial buildings. It is one of the
analytical tools that can be employed to
demonstrate compliance with the proposed federnl
Building Energy Performance Standards (BEPS) for
new bulldings. Air temperatures and heat-
extraction rates are calculated by \he weighting-
factor method. which generally follows the
recommer.dations of ASHRAE (2). Earlier versions
of DOL-2 contained three sets of precalculated
weighting factors, applicable to light, medium, and
heavy construction. Because these weighting
factors were derived from conventional-building
designs, thay were unable to describie the thermal
behavior of direct-gain, passive-soinr buildings (3).
A custoni weighting-factor calculation iechmique
has been implemented in DOE-2.1, the latest
version of DOE-2. Using thin method, weighting
factors can be calculated specifically for most
rooms. These custom weighting factors provide an
accurale description of the thermal behavior of
c¢:rect-gain passive bulldings.

An important part of the extension of DOE-2
capabilities has been a comparison between
calculaledd and  measured  values  of  air
temperatures and heat-extraction rates for a
number of test buillding~, Compnarisons with data
from the direct-gain test cell at the Los Alamos

Scientific Laboratory (LASL) have been reported
previously (4). Recent comparisons have been
made with data from two National Bureau of
Standards (NBS) test buildings, a direct-gain,
passive-solar residence in Santa Fe, New Mexico,
and a direct-gain, passive-solar office and
warehouse with 8 water wall In Pecos,
New Mexico. These comparisons have verified that
DOE-2 ean accurately model dirert-gain, passive-
solar buildings and can account for night-
ventilative cool:ng and water walls in an approxi-
mate manner.

This paper is divided into ‘"o major seetions. The
first describes thc method used to calculate air
temperatures and heal-extraction rates in DOLE-2.
Assumptlions inherent in the precalculated
weighting factors and the new custom weighting
factors are discussed, and the importance of 4
design tool like DOE-2 for commercial buildings is
menticned. The second section of this paper
discusses the co nparisons between measured duln
fiom various test buildings and DOE-2.1 results.

2. THE DOE-2 METHOD OF CALCULATION

The DOE-2 computer program employs weighting
factors for the calculation of thermal loads and air
temperatures. The weighting-factor technique.
first introduced by Mitalas and Stephenson (5), is
one of many methods that has been used ot
proposcd 101 bullding energy analysis. It represents
8 compromise between simpler methods, such as
steady-state celculations that ignore the ability of
building mass to store energy, and more complex
methods, such as detailed energy-balance calcu-
lations.  With the weighting-fuctor method, an
hourly thermal-load ealculation Is performed based
on a physical description of the building and that
hour's ambient wenther conditions (air temper-
ature, solar radiation, wind veloeity, etc.). These
loads are used, along with the characteristien and
availability of heating rnd cooling systems for the
bullding. to calculute air temperatures and heat-
extraclion or addition rates.

The information of primary interest to a bullding
designer ix the heat-extraction (or addition) rate
and a'r tempernture of & room or bullding zone for
a given set of conditions, DOE-2 provides these
data by a two-step proceas. In the [irst step. the



air temperature of the zone is assumed to be fixed
at some reference value. Instantaneous heat gains
or losses (the rate at which heat enters or leaves
the zone at a given instant) are calculated on the
basis of this constant temperature. Various types
of heal gains, such as solar radiation entering
windows or energy from lighting within the room,
are considered. A cooling load for the zone,
defined &as the rate at which energy must be
temoved from the zone to maintain the air
temperature fixed at its reference value, is
calculated for each type of instantaneous heat
gain. (Heating loads and heat losses are merely
negative cooling loads and heat gains.) The cooling
load from a particular source, such as soiar
radiation entering through windows, differs from
the instantaneous heat gain because some of the
radiation can be absorbed by walls or furniture and
stored for later release to the air. Heat-gain
weighting factors, one set for each type of heat
ain considered, are employed to calculate cooling
oads from the |nstantaneous heat gains.
Qualltatively, these heat-gain weighting factors
are sets of parameters that determine how much of
the energy entlering a room in a given hour is
stored and how fast the stored energy is released
during later hours. Mathematically. they are
coefficients in a z-transfer fun~tion between the
z-transform of the heat gain (input) anc the
z-transform of the cooling load (output). The type
of heat gain {for example, solar radiation entering
through windows as compared with energy Irom
lights) can affect the relative amounts of energy
stored. For this reason, the weighting factors for
each type of heut gain are different. Similarly, the
construction of & room can influence how much
incoming energy is stored and how rapidly it is
releused, Thus different rooms can have different
weighting factors. At the end of the {irst step, the
cooling loads from the various heat gains are
summed to give 8 total cooling load for the room.

In the second step of the calculation, the total
¢ooling load for a room. along with data about the
heating, ventilating, and air-conditioning (HVAC)
system attached to the room and a set of air-
temperature weichting factors, is used to calculate
the actuusl heat-extraction (or addition) rate and
air temperature, The actual heat-extraction rate
differs from the cooling load because, in practice.
the air lemperature varies from the reference
valuc used to calculale the cooling load or because
of HVAC system characteristics. The air-tempera-
ture weighting factors are also coefficients in a
z-transfer function between the z-transform of the
net cooling loud (cooling load as calculated less any
hest extraction dot,c by the HVAC system) and the
z-transform of the deviation of the air tem-
perature from its reference value.

Weighting factors represent an application of
z-transform methods to the solution of differential
equations (6). The gz-transform method has been
widely used for the solulion of discrete systems
(difference aquations), particularly for sampled
data. It is a counterpart of the Laplace transforn
as applied to continuous systems (differential
equations). For building energy analysis, the

z-transform method provides an approximate
solution to the differential equations deser.ving
heat transfer in a building.

Two general assumptions are made with all
weighting factors used in DOE-2. The first is that
the process modeled can be represented by linear
differential equations. This assumption is neces-
sary because heat gains from various sources are
calculated independently and summed to obtain the
overall result (that is, the superposition principle is
used). Therefore, nonlinear processes such as
naturel convection and radiation must be
approximated linearly. The second assumption is
thal system properties that influence the weighting
factors are constant (that is, they are not functions
of time or temperature), This reguires that items
such as film coefficients and the distribution of
incident radiation on surfaces be representecd by
average values over the time of interest. Both
assumptions represent limitations to the use of
weighting factors. The linearity assumption does
not represent a significant limitation at this time
because the processes involved, even radiation, can
be linearly approximated with sufficient accuracy
for most calculations. The assumplion of constant
properties can limit the use of weighting lactors in
situations where important zone properties vary
during a calculation. Two examples are the
distribution of solar radiation incident on the
interior walls of a zone, which can vary hourly, and
film coefficients, which can vary with direction of
heat flow or with air velocity.

There are many assumptions inherent in the
precalculated weighting factors used in DOE-2,
When the user selects precalculated weighting
factors, he is accepting not only the ge.eral
assumptions of linearity and constant system
properties, but is also accepting the entire con-
struction of the typical rooms for the weighting-
factor calculation. This includes items such as the
construction and thermal properties of the walls,
window area anJ orientation, amount and deserip-
tion of furnicure, distribution of incoming solar
radiation, radiative properties (for example,
absorptivity) af the walls, interior film ecoeffi-
cients, and long-wavelengih radiant exchange. For
this reason, the precalculatet weighting faclors
can only approximate the description of any
building 2one.

In contrast, custom weighting factors are
calculated for a room using an actual description
of the room. The methou used in DOE-2 is based
on the developments of Z.0. Cumali (7). Different
zones in a bullding can use either preca' 'ilated or
custom weighting factors during the same thermal-
load calculativn. The greatest improvement that
comes with custom weighting factors is in the use
of actual building data for their determination,
This is particularly Important for buildings that
differ significantly from typical construction, such
ay most buildings witl, passive-sola- features.

For most residential and passive-solar bulldings,
calculation of the envelope load and the solar
eontribution to the Interior represents the entire



energy analysis. However, for commercial build-
ings, an entire range of conditions can be
encountered from buildings dominated by envelope
load to those dominated by internal loads, such as
lighting, people. or equipment. Also, complex
HVAC systems that heat, reheat, and mix various
air streams are employed. DOE-2 can model an
entire commercial building from the initial
- thermal-load ealculation, through the HVAC
system simulation, and subsequently to the bui’ding
plant that ultimately supplies the heating and
cooling energy- The improvement of the
thermal-load calculation in DOE-2 by the addition
of custom weighting factors allows features such
as direct-gain, passive components to be
sccurately modeled in commercial buildings.

3. TOMPARISONS WITH MEASURED DATA

The original .mpfetus for developir® custon)
weighting factors came from poor agreement
between air temperatures delermined using

precalculated weighting factors in DOL-1 and data
from the direct-gain lest cell at LASL (3). Later
calculations using custom weighling faetors viere
in good agreement with test-cell data  (4).
Additional comparisnns have been made using
custom weighting fuctors in DOE-2.1 to model the
performancc of various buildings.

Hourly hent-extruction rates and air temperatures
bave been measured for s high-mass test house
built 1n the Nativnal Bureau of Standurds (NUBS)
environmental chumber  (8).  The  single-room
building had 0.20-m econcrete walls, a L'3-m
concrete floor, und & concrete roofl, all with
exlerior insulation. 1L was driven by a varving
exterior temperaturc simulating diurnal  sol-uir
temperature eycles in Saudi Arabin. Figurel shows
results of one tes® in which the indoor air
temperature was hela nt approaximately 24 (75%F)
from 6p.m. to 6au. . by wn cooling system.
Measured air -emperalures and sensible heant-
exlraction rates arc compared with the NBS loads
program NBSLD (9) and DUE-2 2alculated results.
The agreenien! |s quile goou. Figure?2 shows
results from anoth:r test on the same structure in
whicn night ventilstion (14 air changes pet hour)
was employed from l0p.m. to 6Gam. The
calculated ai~ temperatures from DOL 2 are in
close agreement with measured data and the
NBSLD results,

Hourly heat-extraction ratcs have been mensured
by NHS fcr a8 test housc located in Houston, Texas
«8). The house is a conventional wood-frame
structure with brick veneer and a8 slub-on-gr-ae

ficor. Figure3d shows results of measured
heat-extraction rates compared with DQ™ -2
calculatirna. The measured dath represent the

range observed for a three-duy period with rimost
identical weather conditions while the interior mir
temperature  was  contro'led  at  24.5-25.5"C
(76-78°F), Some drift above 25.5°C (78"F) was
observed in the late afternoon.  The DOE-2
calculated results, which represent heal-extraction
rates while air temperatures were held in the
24.3-25.5"C range, are in good agreement with the
measurements.
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air temperatures and heal-extraction rates for the
NBS high-mass test house.

The Dove  Publications  bulding  in Pecos,
New Mexico, is & 7n0-m? (7Tau-11%)  office
and warchouse heated by direct gmn (. The
office also contains o water-filled drum  wali.
which was modelen as 8 massive interior wall,
Local weather conditions and building performunce
hmve been momitored by LASL. Figured shows u
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Fig. 4.  Comparison between mensurec  (solid

line) and caleulated (4) air temperaturss for the
Dove Publications building, February K+ 15, 1980,

comparison between meusured and calculated air
temperatures in the 500-m2 (5500-N2) ware-
house for February lW0-15, 1980. The agreement s
generally good. A similar comparison for the
office temperatures is not quite as gook
differences up to 4°C were observed. The presence
of the water wall in the officc may have
contributed to the differences: however, it was
more likely caused by manual control of vents
between the water wall and the office space tha!
cannot now be modeled in DOE-2,

A direct-gain, single-family residence in Santa ke,
New Mexico, the Ralph Willlamsen house (), has

also been monitored by LASL. The 120-m?2
(1270-112) building s adobec construction with
exterior insulation, ground-floor and clerestory
windows, and a slab-on-grade floor, Figure 5 shows
a comparison between measured globe temper-
alures and air temperatures calculated by DOE-2
for January1R-22, 1980, Although air temperatures
and globe temperatures cannot be directly
compared, they are generally close except, as
expecl2d, under high-radiation conditions (mid-
day). Comparisons for a seeond five-day period
later in January are not as close as Fig.5.
However, high ambient temperatures and cleur
days probsbly led to an uncertain increase in
ventilation from open window: during this period
().
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calculated air
Willinmson house,

tempernturcs  (sund  line)  and
temperatures (+) for Lhe
January 18-22, 1980

4.  CONCLUSIUNS

The DOE-2 computer program cun now use custom
weighting fuctors to culculute thermal losds and
sir temperatvres in  buildings.  Although the
weighting-factor method has certain himitaticns,
comparisons between DOE-2.0 caleulations and
measured data indicate thal direet-gain, passive
bulldings can be accurately modeled and that
night-ventilative cooling and watler walls cun be
tredted in an approximetle manner.
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